The Vietnamese sika deer (Cervus nippon pseudaxis) is an endangered subspecies of economic and traditional value in Vietnam. Most living individuals are held in traditional farms in central Vietnam, others being found in zoos around the world. Here we study the neutral genetic diversity and population structure of this subspecies using nine microsatellite loci in order to evaluate the consequences of the limited number of individuals from which this population was initiated and of the breeding practices (i.e., possible inbreeding). Two hundred individuals were sampled from several villages. Our data show both evidence for limited local inbreeding and isolation by distance with a mean F ST value of 0.02 between villages. This suggests that exchange of animals occurs at a local scale, at a rate such that highly inbred mating is avoided. However, the genetic diversity, with an expected heterozygosity (H e ) of 0.60 and mean number of alleles (k) of 5.7, was not significantly larger than that estimated from zoo populations of much smaller census size (17 animals sampled; H e ¼ 0.65, k ¼ 4.11). Our results also suggest that the Vietnamese population might have experienced a slight bottleneck. However, this population is sufficiently variable to constitute a source of individuals for reintroduction in the wild in Vietnam.
Due to various anthropic pressures, numerous animal species have gone extinct or are critically endangered or threatened (Diamond 1989; Hilton-Taylor 2000; Pimm and Raven 2000; Pimm et al. 1995) . Beyond the ethical and ecological aspects, the loss of animal species or subspecies may represent a social or economic loss for human populations, especially in developing countries. Wildlife may provide food, income, and employment to human populations at a local level (Chardonnet 1995) . For long-term conservation and development purposes, it therefore appears compulsory to manage wildlife to maintain both species survival and within-species genetic diversity (Franklin 1980) . The loss of genetic variability, as a consequence of sustained small census size (e.g., because of breeding or hunting practices), is indeed expected to threaten the longterm population viability (see, e.g., Coulson et al. )1998 ] for theoretical work; Eldridge et al. [1999] for field studies; Lynch et al. 1995; Saccheri et al. 1998) and to prevent adaptation to novel environmental conditions (Frankham et al. 1999; Franklin 1980; Lande and Arnold 1983; Vida 1994 ).
An interesting example in this context is the Vietnamese sika deer (Cervus nippon pseudaxis). Thirteen subspecies of the sika deer (C. nippon) have been described, and their distribution ranges from North Korea to Vietnam, including Taiwan and Japan (Whitehead 1993) . The Vietnamese subspecies is the most tropical one, and might, as such, present some local adaptations. Its natural populations had a striking decline in the wild at the beginning of the 20th century (Thuy LT, personal communication) . At about the same time, breeding was initiated in traditional farms for velvet production. Captive breeding has possibly been associated with a genetic bottleneck, since breeding programs were probably initiated with no more than 200 wild individuals in the Ha Tinh province, in central Vietnam (Thuy LT, personal communication). The entire current population from farms (about 8000-10,000 individuals) originates from these individuals. Velvet production is a major source of income for farmers (approximately US$200-US$300/year/male) and is therefore of huge social and economic value. This also has some consequences in population structure. The sex ratio of the sika deer in farm populations is skewed toward males (about 65% are males in the Nghe An and Ha Tinh provinces studied here), because males produce velvet, which should lower the effective population size (Crow and Kimura 1970) . Individuals are maintained in small individual lodges, and some never reproduce. Animals are exchanged or sold locally, within or among villages. Variation in supply and demand for velvet has recently caused substantial variation in population size with a reduction of 50% within a couple of years.
Captive and semicaptive populations are also maintained in both zoological parks (around 225 individuals in the world; Rüdloff 1999) and Vietnamese national parks (70-80 individuals in Cuc Phuong [Wemmer 1998 ] and an unknown number in Cat Ba), where poaching is a serious threat (Wemmer 1998) . On the other hand, the Vietnamese sika deer is considered extinct in the wild; the last wild living specimens were reported in 1990 in the Nghe Tinh Mountains (Huynh et al. 1990) . As a consequence, it is listed as critically endangered by the World Conservation Union. Given that the majority of sika deer are maintained on traditional farms, they should play a focal role in any conservation and development programs.
The goal of our study was to evaluate the consequences of recent history and breeding practices on the genetic variability of the Vietnamese sika deer as part of a larger study on the management of genetic variability in this subspecies. We took advantage of recent advances in molecular and statistical techniques used for analyzing neutral variability, especially microsatellite markers (Goldstein and Schlötterer 1999; Luikart and England 1999; Rousset 2001) . The study was conducted on 200 sika deer sampled from traditional farms of several villages in central Vietnam and on individuals sampled from two zoo populations. The population genetic structure was analyzed using nine microsatellite markers, in order to address the following questions: What is the current level of genetic diversity and how is it structured? Is there any evidence of inbreeding? Is the genetic diversity maintained on traditional farms higher or lower than the one preserved in Vietnamese sika deer from European zoological parks? Should conservation programs focus on this population from a genetic perspective?
Materials and Methods

Subspecies Studied and Sampling Area
Most Vietnamese sika deer are currently located in the Nghe An and Ha Tinh provinces, with roughly 4000-5000 animals in each province. Sampling was performed in these two provinces in October 1999 and 2000. One hundred seventysix and 24 individuals were sampled in the Nghe An and Ha Tinh provinces, respectively (Figure 1 ). The geographical position of each individual was determined using a global positioning system. Sampling of related animals within farms was avoided by asking farmers about animal relatedness. The overall sample size was relatively low due to sampling difficulties (local sociological constraints and no animal catching, which could have resulted in stress and/or injuries). Blood samples were also collected from 17 Vietnamese sika deer from two European zoological parks, Tierpark Berlin and Mulhouse (Thévenon et al., 2003) , in order to compare their variability to that of the Vietnamese population.
DNA Extraction and Microsatellite Analysis
Ear tissue (1 cm 2 ) was sampled from each individual. It was stored in 70% ethanol at room temperature in the field and then at 48C until DNA extraction. DNA was extracted from approximately 25 mg of ear tissue using the DNeasy tissue kit (Qiagen). Nine bovine microsatellite markers were amplified (Table 1) . They were chosen on the basis of substantial variability in other deer species (Maudet F, personal communication; Slate et al. 1998; Talbot et al. 1996) . Amplification of individual DNA was performed using a multiplex procedure: three groups of three loci were amplified in single polymerase chain reactions (PCRs) following Bonnet et al. (2002) (Table 1) . Briefly, PCRs were carried out on 10-100 ng of genomic DNA in a 15 ll mix volume containing 200 lM each dNTP, 1.5 ll of GeneAmp 103 buffer (Perkin-Elmer), 2.5 mM MgCl 2 , 2.5 U Taq polymerase (Ampli Taq gold, Perkin-Elmer), and the primers at various concentrations (Table 1 ). Prior to this step, a fluorescent dye was incorporated at the 59 end of one primer per primer pair (a single dye per group of loci). The following PCR conditions were used: 12 min of Taq polymerase activation at 938C (Perkin-Elmer specification), 35 cycles of 1 min at 948C (denaturation), 1 min at 588C (annealing), 1 min at 728C (elongation), followed by an elongation step of 60 min at 728C and 2 h at 258C in a PerkinElmer thermocycler (2400 or 9600). The three PCR products were mixed together and completed to a final volume of 105 ll by adding sterile water, as described in the Stockmarks cattle paternity test protocols (Applied Biosystems PE). Then 0.4 ll were mixed with 2 ll of loading buffer, denatured at 958C during 5 min, and loaded on 5% Long Ranger gels. Migration took place in an ABI 377 sequencer. Gels were scanned using Genescan 2.1 and the genotypes were determined using Genotyper 2.5.
Statistical Analysis
The per locus variability was quantified by calculating the allelic range, number of alleles, and gene diversity over the 200 individuals (Genepop 3.1c; Raymond and Rousset 1995) . The sample size per village was sometimes as low as one individual and the population structure analysis was therefore conducted using a subset of individuals (144) of the Nghe An province. This corresponds to those nine villages in which more than five individuals each were sampled (Table 2) . Allelic frequencies were estimated per locus and subpopulation, a subpopulation corresponding to a village. The number of alleles, observed heterozygosity, and gene diversity were estimated both per locus and subpopulation, and per subpopulation over all loci (see Nei 1987) . Departures from Hardy-Weinberg equilibrium at each locus were computed for each subpopulation using exact tests . Departures over all loci were evaluated in each subpopulation using Fisher's method.
Genotypic disequilibria were tested using exact tests and the sequential Bonferroni correction (Rice 1989) . The unbiased estimatorf of Wright's inbreeding coefficient F IS was calculated according to Weir and Cockerham (1984) . All calculations and tests above were performed using Genepop 3.1c .
Departure from drift-mutation equilibrium was tested using the Bottleneck program (Cornuet and Luikart 1996; Luikart and Cornuet 1998) . A transient excess of expected heterozygosity relative to that expected under mutation-drift equilibrium may indicate a bottleneck. The statistical analysis was carried out using the Wilcoxon test under the stepwise mutation model (SMM; Ohta and Kimura 1973) , the infinite allele model (IAM; Kimura and Crow 1964) , and the twophase model (TPM; DiRienzo et al. 1994) . A shift away from an L-shaped distribution of allelic frequencies was also tested . The tests were applied to the entire population (n ¼ 200 individuals).
Genotypic differentiation was tested between pairs of subpopulations using both Fisher's exact test and a loglikelihood exact test (Goudet et al. 1996) . The corresponding pairwise F ST values were estimated following Weir and Cockerham (1984) using Genepop 3.1c. Isolation by distance between subpopulations was tested using the Mantel-like test (Mantel 1967) implemented in Genepop, and F ST /(1 À F ST ) was regressed on the logarithm of geographical distance (Rousset 1997) . Population structure was further analyzed using the kinship coefficient between pairs of individuals i and j (r ij ), which was estimated for each pair of individuals and each allele k following Loiselle et al. (1995) 
, where p k is the mean frequency of allele k in the population sampled, p i and p j are the frequency of k in individuals i and j (taking the values 0, 0.5, and 1), and n is the sample size. When estimating the multiallelic coefficient, r ij was weighted by its respective polymorphism, p k (1 À p k ). The multilocus r ij was the sum of multiallelic coefficients divided by the sum over all loci and alleles of p k (1 À p k ). The standard error over loci was estimated using a jackknife method. The average kinship coefficient over pairs of individuals was computed for 10 distance classes, with an average pairwise distance between individuals within distance classes of 2.6 km. The hypothesis of absence of spatial genetic structure was tested within each class using a bootstrap method (10,000 replicates): spatial distances were randomly permuted among pairs of individuals, and the estimated value of the kinship coefficient was compared to the distribution after permutations. The hypothesis of isolation by distance was tested by plotting the multilocus kinship coefficient of each pair against the logarithm of geographical distance, since a linear decrease is expected in a two-dimensional habitat (Rousset 2000) . The significance of the regression was tested using a Mantel-like test. The product of (inbreeding coefficient À 1) and the inverse of the regression slope gives an estimate of 4pDr 2 , where r 2 is the second moment of the dispersal distance between parents and progeny and D is the density of individuals (Hardy and Vekemans 1999; Rousset 1997 Rousset , 2000 . All calculations and tests were performed using AUTO-CORG 3.0 (Hardy and Vekemans; available at ohardy@ ulb.ac.be).
The variability of the Vietnamese (n ¼ 200 individuals) and zoo populations was compared using a Wilcoxon signed rank test on the mean number of alleles and gene diversity across loci. The estimates of these two parameters were corrected for sample size using a rarefaction method implemented in the program Contrib (Petit et al. 1998 ; available at www.pierroton.inra.fr/genetics/labo/Software).
Results
Genetic Variability
The nine microsatellites studied were polymorphic, with a mean number of alleles per locus of 5.7 (range 4-9; Table 1) over the 200 individuals studied. The gene diversity over all individuals and loci was 0.60 (Table 1 ). The subsequent analyses of genetic variability focused on the nine villages from the Nghe An province (see Materials and Methods). Gene diversity across loci varied very little among villages, from 0.53 in Nghia Loc to 0.64 in Quynh Xuan (Table 2) . Only slightly more variation was observed for the number of alleles, which may be surprising given the large variation in sample size (Table 2) . Departure from Hardy-Weinberg proportions was tested in 80 locus-village combinations, and only six tests were significant at the 0.05 level. This is about what is expected by chance. However, three tests were significant in Duc Thanh, and the test over all loci was highly significant in this subpopulation (Table 2) . Tests over all loci were also significant in two other villages (Nghia Loc and Quynh Luong). The associated estimates of F IS ranged between À0.09 and 0.27 (Table 2) . As the few significant heterozygote deficiencies were not systematically associated with the same locus, we tentatively conclude that there is limited evidence for null alleles.
Seventeen pairs of loci, out of 322, exhibited genotypic disequilibrium. Once again, this is about what is expected by chance. However, the VH110-BM203 pair gave a significant test in three villages (Duc Thanh, P ¼ .0004; Quynh Giang, P ¼ .009; and Quynh Luong, P ¼ .042), and VH110-CSSM43 in two villages (Duc Thanh, P ¼ .004; and Quynh Luong, P ¼ .047). This could result from several processes, including physical or statistical linkage, selection on multilocus genotypes, or population structure. Since the F IS estimates differed significantly from zero in Duc Thanh and Quynh Luong, subpopulation structure is the most likely explanation for these genotypic disequilibria.
There was a significant excess of heterozygosity in the Vietnamese population relative to mutation-drift expectation under the IAM (P ¼ .01), but not under both the SMM and TPM (P ¼ .54 and .82, respectively). The distribution of allelic frequencies did not show any significant departure from a standard L-shape in the mode shift test (results not shown).
Population Structure
The overall test of subpopulation differentiation was highly significant (P , 10 À4 ), though the associated F ST estimate was only 0.02. Fifteen exact tests of differentiation between subpopulation pairs, out of 36, produced probability values below 0.05. The corresponding pairwise F ST estimates were never higher than 0.06 (Table 3 ). The Mantel-like test showed that genetic differentiation increased with geographical distance (slope ¼ 0.009, P ¼ .016). The per locus estimate of the average kinship coefficient decreased with geographical distance, although there was variation among loci ( Figure 2 ). In the first distance class (,1 km), the per locus estimate of the average kinship coefficient was 0.008 (SE ¼ 0.006), and individuals in the first distance classes are genetically closer than expected by chance (P ¼ .033). The correlogram including all loci has a significantly negative slope (À0.003; P , 10 À4 ), suggesting a slight isolation by distance. The intraindividual kinship coefficient was significant (mean value over loci ¼ 0.041, SE ¼ 0.028, P ¼ .027).
Comparing Vietnamese and Zoo Populations
The European zoo populations had a mean gene diversity of 0.65 (SE ¼ 0.09) and a mean number of alleles of 4.11 (SE ¼ 1.17) over all loci. Gene diversity was not significantly different from that of the Vietnamese population (Wilcoxon signed rank test, P ¼ .25), but the number of alleles was significantly less in the zoo population (P ¼ .008). However, this difference was not significant (P ¼ .43) when the sample size is corrected using a rarefaction method.
The estimate of F ST between the population of European zoological parks and the Vietnamese individuals was 0.10, and significantly differed from zero (P , 10 À3 ). Thirteen alleles, found in the Vietnamese population, were not detected in the zoo population, while three alleles from the zoo population were not identified in the Vietnamese population.
Discussion
Variability within the Vietnamese Sika Deer Population
Our study indicates that the mean number of alleles and gene diversity per locus in the Vietnamese sika deer are similar to the values reported in various populations of the Japanese sika deer (C. nippon ssp.) (Goodman et al. 2001; Tamate et al. 2000) and in the North American elk (Talbot et al. 1996) . The Vietnamese individuals also do not display significantly more genetic diversity than the zoo population. That no Table 2 . Sample size and geographic position of the villages from the Nghe An province in which the population structure analysis was conducted (see also Estimates of the number of alleles (k), gene diversity (H e ), observed heterozygosity (H o ), and F IS .
The numbers in parentheses are the standard errors (k, H e , and H o ) or the P value of the associated exact test (F IS ). more microsatellite variability is maintained in the Vietnamese population than in the zoo population, despite a higher population census size in Vietnam than in Europe (about 225 individuals in the world zoo populations, including 180 in Europe; Rüdloff 1999), might be surprising. The relatively low level of genetic variability in the Vietnamese population could be due to ongoing genetic drift and/or a single bottleneck event that occurred when the population was founded. There are several sources of genetic drift in the farm population: the census size has suffered large variation, the sex ratio is skewed toward males, and a large proportion of individuals do not reproduce (since some farmers are only interested in velvet production and not in reproduction). On the other hand, the zoo populations were founded with animals originating from several, significantly differentiated populations, which should explain the relatively high level of variation found here (Thévenon et al. 2003) .
The bottleneck test showed a significant heterozygosity excess under the IAM, but not under the SMM and TPM. However, this test is more powerful under the IAM than under other models of mutation. It is also more prone to produce a ''wrong'' bottleneck signal when microsatellite data are analyzed (Luikart and Cornuet 1998) . More statistical power could have been achieved under the TPM and SMM if more microsatellite markers were analyzed (see Luikart and Cornuet 1998) . A cautious conclusion is that the Vietnamese population has not gone through a marked bottleneck. Note that it is difficult to distinguish the effect of a past bottleneck from that of a current strong genetic drift. It would be interesting to assess the current dynamics of genetic variability; for instance, through temporal sampling at a short time scale (Berthier et al. 2002; .
Founding effect and genetic drift might also explain the large genetic differentiation between the zoo and Vietnamese populations. Some rare alleles occur exclusively in one population (private alleles) and the zoo population retains alleles that have been lost in the Vietnamese population. However, large differentiation and private alleles could also be explained by hybridization with other sika subspecies. Hybridization is possible in the zoo population, since the geographic origin and taxonomic status of founding animals were not well recorded. In some zoos, different subspecies of C. nippon are maintained in neighbor parks and hybridization is therefore not impossible (see Thévenon et al. 2003 , for more details). Concerning the Vietnamese population, individuals of Dybowksi sika deer were introduced in the Hanoi zoo and some hybrid animals have possibly been dispatched among farms (Ratajszczak et al. 1993) . However, more information (e.g., about the number of individuals introduced) is not available.
Breeding System and Genetic Differentiation Among Villages
Significant estimates of F IS were detected within some villages. However, the F IS estimates, as well as the mean intraindividual kinship values, were quite low. This suggests that animals are exchanged at a rate that for most villages prevents extensive inbreeding. A further argument is that almost as much genetic variability is maintained within villages as at the scale of the whole study. Discussions with the farmers show that they are indeed conscious of the deleterious consequences of inbreeding and avoid mating related animals.
Our results also show that, at the scale of the Nghe An province, subpopulations were significantly differentiated, although this is associated with a relatively low estimate of F ST (0.02). This is consistent with results from factorial correspondence analyses (not shown) indicating limited differentiation among populations. Of greater interest is that our analysis shows a pattern of isolation by distance. Moreover, the regression slope of the kinship coefficient estimates on geographical distance was indeed significantly different from zero. Its small value indicates either a high local effective population size (D) or a high variance of dispersal distance (r 2 ) (Rousset 1997; see Materials and Methods) . This agrees with the fact that farmers exchange animals more among geographically close villages than among remote villages, mainly as a consequence of difficulties associated with animal transportation. Of course, rare events of migration at great distances remain possible. The observed pattern of isolation by distance can be expected under a model of subdivided population with colonization in progress (Rousset 2001) . It is thus compatible with the fact that the Vietnamese sika deer population kept on traditional farms was probably founded from about 200 wild individuals with subsequent spread toward the neighboring districts from Ha Tinh and Nghe An provinces. However, a note of caution should be introduced when interpreting the result of isolation by distance analyses. First, isolation by distance is expected over a specific range of dispersal distance (Rousset 1997 (Rousset , 2001 ). Second, the population studied might have experienced variation in size, as mentioned above. The Figure 2 . Estimate of the Loiselle kinship coefficient as a function of geographic distance. Abscissa: the average pairwise distance for the pairs of individuals belonging to the interval in which the kinship coefficient was calculated (in kilometers). Vertical lines refer to standard errors. Stars show kinship coefficients differing significantly from zero (P ¼ .033, .008, and ,10
À3 for the first, second, and ninth class, respectively). Slope of the regression: À0.0035 (P , 10 À4 ).
consequences of such events on analyses of isolation by distance are poorly known (Hardy and Vekemans 1999; Rousset 2001 ).
Conclusion
Our study suggests that the population of Vietnamese sika deer held on traditional farms retains enough neutral variability for serious consideration as a source of individuals in reintroduction programs. Zoo populations might be slightly more interesting in this perspective. However, zoo and Vietnamese populations are experiencing markedly different environmental constraints in terms of climate, food, and pathogens. Vietnamese individuals would therefore not experience as marked a change in their environment as zoo individuals if they were to be reintroduced in the wild in Vietnam. Promoting genetic exchange among populations using artificial insemination to reduce disease transmission could therefore be proposed. Further genetic analyses are required, however, in order to assess the probability of past hybridization with other sika deer subspecies. These studies could be based both on mtDNA sequencing (Randi et al. 2001 ) and microsatellite markers and should include individuals from as many sika deer subspecies as possible. Reintroduction in the wild is likely to take place in various protected areas, since projects for conservation and development of wildlife in Vietnam are ongoing (CIRAD and NIAH, personal communication) . From a genetic point of view, reintroducing a few individuals would be sufficient, provided they are adapted to local environmental conditions and might reach carrying capacity fast enough (Thévenon and Couvet 2002) . Consequently assessment of environment suitability (e.g., food availability, density of predators) and population viability should be verified (Sarrazin and Legendre 2000) . A few generations after reintroduction, genetic analyses could be conducted for assessing the magnitude of genetic drift (Berthier et al. 2002; and the contribution of founding animals to the current population.
